Parkinson's disease (PD) patients frequently suffer from limb kinetic apraxia (LKA) affecting quality of life. LKA denotes an impairment of precise and independent finger movements beyond bradykinesia, which is reliably assessed by coin rotation (CR) task. BOLD fMRI detected activation of a left inferior parietal-premotor praxis network in PD during CR. Here, we explored which network site is most critical for LKA using arterial spin labeling (ASL). Based on a hierarchical model, we hypothesized that LKA would predominantly affect the functional integrity of premotor areas including supplementary motor areas (SMA). Furthermore, we suspected that for praxis function with higher demand on temporal-spatial processing such as gesturing, inferior parietal lobule (IPL) upstream to premotor areas would be essential. A total of 21 PD patients and 20 healthy controls underwent ASL acquisition during rest. Behavioral assessment outside the scanner involved the CR, finger tapping task, and the test of upper limb apraxia (TULIA). Whole-brain analysis of activity at rest showed a significant reduction of CR-related perfusion in the left SMA of PD. Furthermore, the positive correlation between SMA perfusion and CR, seen in controls, was lost in patients. By contrast, TULIA was significantly associated with the perfusion of left IPL in both patients and controls. In conclusion, the findings suggest that LKA in PD are linked to an intrinsic disruption of the left SMA function, which may only be overcome by compensatory network activation. In addition, gestural performance relies on IPL which remains available for functional recruitment in early PD.
| IN TR ODUC TION
Limb kinetic apraxia (LKA) denotes the loss of digital dexterity, that is, the ability to make precise and coordinated finger movements (Heilman, Rothi, & Valenstein, 2000) . LKA is frequently observed in Parkinson's disease (PD), impairs activities of daily living (Foki et al., 2016) and contributes to reduced quality of life (Proud & Morris, 2009; Vanbellingen et al., 2017) . Patients frequently report difficulties with tying laces, handwriting, using a computer keyboard or buttoning (Foki et al., 2016; Pezzotti, Scalmana, Mastromattei, & Di Lallo, 1995; Tsuchiya, Ikeda, Uchihara, Oda, & Shimada, 2007 ). LKA can be tested for using the coin rotation task (CR) (Barkemeyer, Maria, Browndyke, Callon, & Dunn, 1998; Hill et al., 2010 ) that captures precise and selective innervation of fine finger movements. LKA may occur early in PD (Kr� oliczak & Frey, 2008; Proud & Morris, 2010) , and become more severe during the course of the disease (Vanbellingen et al., 2011) . Importantly, LKA only minimally responds to dopaminergic medication (Foki et al., 2015; Gebhardt et al., 2008; Reynaud, Lesourd, Navarro, & Osiurak, 2007; Vanbellingen et al., 2011) . PD patients may additionally be affected by an higher-order form of praxis impairment affecting gesture performance (Vingerhoets, Vandekerckhove, Honor� e, Vandemaele, & Achten, 2012) , traditionally labelled as ideomotor apraxia. In line with LKA, impairments in gesturing are independent of parkinsonian motor deficits (Leiguarda et al., 1997; Vanbellingen, Hofmänner, K€ ubel, & Bohlhalter, 2010; Vingerhoets et al., 2012) and do not respond to medication (Lim et al., 1997; Vanbellingen et al., 2011) . LKA as measured by CR correlates with gesture performance rather than with bradykinesia (Vanbellingen et al., 2011) . Furthermore, both limb kinetic and gestural deficits Hum Brain Mapp. 2018;1-10.
wileyonlinelibrary.com/journal/hbm may involve alterations in overlapping left inferior parietalpremotor praxis networks (Foki et al., 2015 (Foki et al., , 2010 K€ ubel et al., 2017; Matt et al., 2017) .
Proper execution of precise and coordinated movements such as limb kinetic and gesture performance is thought to rely on a hierarchical control as follows: the left inferior parietal lobe (IPL) is hypothesized to generate motor plans (Heilman et al., 1982; Rothi et al., 1985) , which are then sent to the premotor area (PM) (Barrett et al., 1998; Haaland et al., 2000; Koop, Shivitz, & Bront€ e-Stewart, 1981 ) and the supplementary motor area for detailed motor programming (SMA) (Weiss, Rahbari, Hesse, & Fink, 1986) . In other words, PM and SMA may serve as a working memory buffer for specific motor programs ultimately framing final movement execution in the primary motor cortex. In line with this model, functional neuroimaging studies in healthy controls (Debaere et al., 2004a (Debaere et al., , 2004b Niessen et al., 2014) demonstrated that the PM and the SMA are active during precise finger movements.
Accordingly, damage of the PM or SMA results in inappropriate coordination of precise finger movements (Denes, Mantovan, Gallana, & Cappelletti, 1998; Freund & Hummelsheim, 1985; Wu & Hallett, 2005) , which can be attributed to LKA. In PD patients, we observed altered activity of the praxis network during the CR task requiring individual digital coordination (Foki et al., 2015 (Foki et al., , 2010 Lee et al., 2017) . Also, neural alterations were associated with poorer CR performance (Lee et al., 2017) . Task-related functional MRI (fMRI) allows inference on brain function. During task-fMRI one concludes that a specific brain region is activated based on its relative change in the BOLD signal from the baseline condition to the performance of a task (Lee, Smyser, & Shimony, 2013) . However, it is still not clear whether the altered brain activation during task is caused by the dysfunction of brain regions or by altered task performance (Teixeira & Alouche, 2015) . Thus, neuroimaging studies investigating brain activity or metabolism during rest have the advantage, that they capture the brain's core activity irrespective of confounds by task performance and motivation. Therefore, the aim of this study was to investigate the local differences in restingstate perfusion linked to limb kinetic and gestural praxis performance between PD patients and healthy controls using arterial spin labelling (ASL). Furthermore, the association of resting state perfusion in relevant network nodes with the limb kinetic and gestural task was of main interest. ASL reflects an absolute measure of the state neuronal activity with high spatial resolution (Petcharunpaisan, 2010 (Goetz et al., 2004) and symptom severity was measured using the modified Unified Parkinson's Disease
Rating Scale (UPDRS) (Goetz et al., 2008) . Twelve patients received dopaminergic medication. To minimize cofounding of bradykinesia patients were tested in their best ON of antiparkinsonian medication (60-90 min after their last dose of medication). Thus, to ensure sufficient anti-parkinsonian medication throughout the entire experiment patients were asked to take their last dose of medication after arrival at the hospital. This was 40 min prior to behavioral tests. MRI acquisition was performed after the behavioral test and lasted 20 min.
| Behavioral data acquisition
Behavioral assessment was done at the day of image acquisition (see below). We assessed precise finger movements with the coin rotation task (CR) (Barkemeyer et al., 1998) , gestural performance with the Test of Upper Limb Apraxia (TULIA) (Vanbellingen et al., 2010) , and tested bradykinesia with a finger tapping (FT) task. To minimize the effect of bradykinesia and tremor on performance participants used their less affected hand. The less affected hand was determined by a lower summed score for the upper extremities (Item 3.3 b and c, 3.4, 3.5, 3.6) of the modified Unified Parkinson's Disease Rating Scale (UPDRS) (Goetz et al., 2008) .
In detail, during CR participants rotate a Swiss 50-Rappen coin through 1808 turns between thumb, index, and middle finger. CR scores are calculated by sum of half-turns adjusted for coin drops. Participants performed the CR task three times, each CR trail lasting 10 s.
The average of all three CR trails was calculated and used as final CR score. The cut off score for LKA is below 10 (Barkemeyer et al., 1998) .
In addition, the TULIA (Vanbellingen et al., 2010) Higher test scores of all three tests reflect better performance.
| Neuroimaging data acquisition
We used a 3 T MRI scanner (Siemens Magnetom Trio; Siemens Medical Solutions, Erlangen, Germany) with a 12-channel head matrix coil to obtain structural and functional images for all participants. T1-weighted structural images were acquired using the Modified Driven Equilibrium Fourier Transform sequence (Deichmann et al., 2004) 4.27 mm 3 (3.6 mm 3 3.6 mm 3 6 mm). During the scans, patients were asked to rest with their eyes closed.
| Behavioral and neuroimaging data analysis
To analyze behavioral data, we used IBM SPSS (Version 23). We used two-tailed t tests and chi-square (v 2 ) tests to compare two-sample categorical and continuous variables and set the level of significance at p < .05. In addition, to rule out age as a confounder for behavioral results, we explored the effect of age (independent variable) on the behavioral data (CR, TULIA, and FT) (dependent variable) using three independent univariate analyses.
Imaging data were analyzed using SPM 12 (Wellcome Trust Center for Neuroimaging, London; http://www.fil.ion.ucl.ac.uk/spm). Preprocessing of the perfusion images was conducted with an in-housewritten MATLAB program (Walther et al., 2011; Jann et al., 2013) and included realignment, calculation of the mean regional resting-state cerebral blood flow (rCBF) from realigned images, co-registration of maps to structural images, normalization and spatial smoothing with an 8-mm full-width at half-maximum (FWHM) kernel.
The primary focus of the imaging analyses was to test resting-state rCBF differences between patients and controls, and subsequently link these differences to behavioral CR and TULIA task performance using whole-brain analyses. In all analyses, we included age, motion parameters (as obtained from realignment parameters), and FT scores as covariates of no interest. FT scores were included to control for confounding effects of bradykinesia.
To examine the effect of CR on whole-brain perfusion, we first calculated the group 3 performance interaction effect with patients and controls (groups) and CR scores using a multiple regression analysis.
Then, to examine the effect of TULIA on whole-brain perfusion, we calculated the group 3 performance interaction effect with patients and controls and TULIA scores using a multiple regression analysis. For voxel-wise results, we used a uniform statistical threshold of p < .001
(uncorrected); minimum cluster size 50 voxels. Furthermore, for a posthoc exploration of the association between task performance and rCBF, we extracted mean estimates of rCBF within significant clusters (derived from multiple regression analysis) using the MarsBaR toolbox for SPM (Brett et al., 2002) . Finally, we calculated post hoc Pearson correlations of the CR and TULIA performances with rCBF from the clusters in patients and controls (two-tailed, p < .05).
| RE SUL TS

| Behavioral and clinical data
Demographic and clinical data of 21 PD patients and 20 healthy controls are given in Table 1 . Patients performed significantly worse than controls in the CR, TULIA, and the bradykinesia tasks (FT). Five patients and no healthy participant had deficits of CR task that classified for true LKA (mean half turns in 10 s < 10, adjusted for coin drop) (Barkemeyer et al., 1998) . In addition, three patients had mild apraxia according to the gestural task (TULIA < 194).
Our exploratory analysis revealed that the behavioral differences between PD patients and controls were still significant after correction for age (CR (F (1, 38) 
| Distinct brain regions linked to limb kinetic and gestural deficits in PD
We detected differences in whole-brain resting-state rCBF between patients and controls in distinct brain regions linked to limb kinetic (group 3 CR performance interaction) and gesture performance (group 3 TULIA performance interaction). In fact, for the CR task, we Figure   S1 ).
| D ISCUSSION
In recent years, LKA in PD emerged as a clinically relevant impairment of digital dexterity, characterized by a deficient selection of precise and coordinated finger movements (Heilman et al., 2000) , which exists independently of parkinsonian motor symptoms (Goetz et al., 2008; Reynaud et al., 2007; Vanbellingen et al., 2011 Vanbellingen et al., , 2017 . Premotor areas at the interface of inferior parietal and primary motor areas are hypothesized to be anatomical correlates for LKA in PD based on their role in pooling temporal-spatial information of movements before final execution (Hershey et al., 1982; Sabatini et al., 1985) . Indeed, functional MRI showed activation of a left inferior parietal-premotor network during the CR task, irrespective of the hand involved (K€ ubel, 2017) .
Here, to explore the intrinsic network features, which are independent of task performance and drive, we examined absolute brain activity at rest (resting-state perfusion) by the validated ASL technique. ASL provides a quantitative measure of resting-state metabolism and can be used to detect pathological brain alterations. In detail, ASL has proved accurate as it is highly comparable and correlated with PET values in general (Ye et al., 2000) and in PD (Ma et al., 2010) .
There is substantial evidence that changes in resting state perfusion, as measured with ASL, can be linked to motor control (Cantisani Walther et al., 2011) and cognitive performance (Demeter et al., 2011; Kim et al., 2006; Lim et al., 2010) . In addition, changes in resting state perfusion may predict behavioral performance (Wang et al., 2005) .Therefore, in this study, the association of digital motor skill (as measured by CR) in PD with whole-brain perfusion at rest was of particular interest.
4.1 | Limb kinetic deficits in PD and resting-state dysfunction in the left SMA
We revealed a significant CR-perfusion interaction effect in the left SMA, thereby confirming our hypothesis of a premotor basis underlying limb kinetic deficits in PD. In fact, CR performance was linked to SMA perfusion at rest and perfusion was significantly diminished in patients.
Furthermore, our exploratory analysis revealed a positive correlation of resting-state perfusion with CR seen in controls. In patients, this correlation was not present, arguing for intrinsic deficiency of left SMA function. Thus, we propose that the lack of correlation in PD patients may reflect that the SMA is no longer available for functional recruitment.
This is in concordance with the finding that the SMA activity is frequently diminished in PD patients early (Eidelberg et al., 1994; Grafton, 2004; Playford et al., 1992) .
In addition, studies in stroke (Denes et al., 1998; Watson et al., 1986; Wheaton et al., 2005) , PD (Foki et al., 2015 (Foki et al., , 2010 , and taskbased functional imaging studies in healthy controls (Debaere et al., 2004b; Wenderoth et al., 2005) suggest the premotor brain regions, including the SMA, as highly relevant for accurate and coordinated finger movements. Similarly, structural and metabolic alterations in SMA have been described in an early stage of PD (Hsu et al., 2007; Kikuchi et al., 2001) . Furthermore, premotor areas (Jang & Seo, 2016; Frasson et al., 1998; Tsuchiya et al., 1997) and connecting fibers (Borroni et al., 2008; Jang & Seo, 2016) are typically affected in corticobasal degeneration). In this study, the perfusion of lateral premotor regions including the perirolandic area was normal in PD patients, which may be explained by the observation that lateral premotor areas are relatively preserved in early PD (Haslinger et al., 2001; Sabatini et al., 2000) .
Our results are also in line with previous reports detecting altered activity in the SMA (Foki et al., 2015 (Foki et al., , 2010 compared to controls during the CR task. Furthermore, we previously detected fMRI hyperactivity of IPL and decreased connectivity between the IPL and the PM in PD patients performing the CR task, regardless of the hand performing the task. However, lesion studies suggest that beyond premotor areas, the dorsolateral prefrontal cortex and anterior cingulate (Freund & Hummelsheim, 1985; Watson et al., 1986) may contribute to clumsy and uncoordinated finger movements. In addition, lesions to the left SMA result in apraxia of both hands (Watson et al., 1986) , thus further corroborating the apraxic nature of LKA with mild left-hemispheric predominance (Hanna-Pladdy et al., 2002) .
Moreover, the findings herein suggest that the OFC may play a role. In general, the OFC is thought to be involved in emotional and motivational response, reward-related behavior but also during decision making and task-shifting (Bechara, 2004; Rolls & Grabenhorst, 2008) .
In PD, the OFC has been attributed to cognitive impairments (Ibarretxe-Bilbao et al., 2012) , depression (Brooks & Doder, 2001 ) and showed atrophic changes in later stages of the disease (Borghammer et al., 2010) and in cognitively impaired patients (Nishio et al., 2010) .
Limited information exists about the involvement of the OFC regarding precise finger movement. Consistent with our study, one recent report detected altered activity bilaterally in the OFC linked to digital dexterity in PD (Foki et al., 2010) . In addition, atrophic changes in the OFC were linked to reduced digital motor speed and task-shifting in early PD patients without dementia (Lee et al., 2013) . Hence, there is some evidence for altered OFC perfusion relevant for LKA in PD. Yet, the specific mechanism has to be further investigated. In addition, in this study, greater perfusion of both the left SMA and bilateral OFC at rest was linked to a better CR task performance in controls. Importantly, this association was lost in patients, suggesting that due to PD related changes (Ma et al., 2010) According to the classical model of higher motor functions, the left IPL stores spatial and temporal information of a movement, which allow for planning the coordination of gesture relevant body parts (Buxbaum et al., 2014; Heilman et al., 1982; Rothi et al., 1985) . Accordingly, lesions to the IPL typically cause inappropriate gesture performance (Buxbaum et al., 2003; Halsband et al., 2001; Kal� enine et al., 2010; Weiss et al., 2008) . In addition, a recent fMRI meta-analysis in healthy subjects suggested that the left IPL plays an important role in reasoning about object properties and thus tool use (Reynaud et al., 2016) . This is in concordance to other functional neuroimaging studies in healthy subjects consistently revealed the involvement of the left IPL during gesturing and tool use (Bohlhalter, 2009; Choi et al., 2001; Fridman et al., 2006; Kr� oliczak & Frey, 2009; Mäki-Marttunen et al., 2014; Ohgami et al., 2004; Vingerhoets et al., 2011; Vry et al., 2015) .
Finally, studies in neuro-degenerative disorders such as corticobasal degeneration and Alzheimer's disease reported that gesture performance is frequently impaired and is associated with structural and metabolic alterations in the left IPL (Borroni et al., 2008; Osimani et al., 1994; Peigneux et al., 2001 ). While there is substantial literature on the involvement of the left IPL for gestural performance in general, its contribution for gestural performance in PD is still under investigation.
Some atrophy of the left IPL is a common in PD without dementia 6 | K € UBEL ET AL. (Fioravanti et al., 2015; Meppelink et al., 2011) and aberrant IPL activation is detected during motor tasks (Herz et al., 2014; Wu & Hallett, 2005) and rest (Pan et al., 2017) . During the execution of a pantomime task, PD patients showed increased activation of the left IPL to aim at proper task performance (Matt et al., 2017) . This observation suggests that gestural deficits can still be partially compensated for by functional recruitment of relatively intact IPL. However, one may speculate that this compensatory mechanism is lost in later disease stages when gestural performance deficits aggravate.
| Limitations
We recognize some limitations in this study. PD patients received dopaminergic medication that may have affected brain perfusion. Studies that examined the effect of dopaminergic medication, although inconclusive (Kamagata et al., 2011; Lin et al., 2016) , suggest a normalizing effect of dopaminergic medication on perfusion (Hershey et al., 2003; Hirano et al., 2008; Kobari et al., 1995) . However, the study focuses on limb kinetic and gesture performance which may be affected regardless of medication (Gebhardt et al., 2008; Quencer et al., 2007; Vanbellingen et al., 2012) . Furthermore, the influence of dopaminergic medication on the results is minimized by controlling for bradykinesia. 
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